Introduction
Kawasaki disease (KD) is an acute systemic vasculitis of infancy and early childhood that is characterized by prolonged fever, conjunctivitis, inflammation of the oropharynx, rash, erythematous induration of the distal extremities, and cervical lymphadenopathy (1) . Coronary artery abnormalities can develop in up to 25% of untreated patients (2) . The introduction of high-dose intravenous immune globulin (IVIG) in combination with aspirin treatment, within the first 10 days after the onset of fever, is associated with endothelial cell activation and up-regulation of cytokine-induced leukocyteadhesion molecules, accompanied by the infiltration of neutrophils and mononuclear cells. The mononuclear cell infiltrate consists of both activated CD4 ϩ and CD8 ϩ T cells, as well as monocyte/macrophages. This state of immune activation is accompanied by elevated levels of interleukin (IL)-1␤ (7) and tumor necrosis factor (TNF)-␣ (8) . Successful treatment of KD patients with IVIG plus aspirin is associated with a reduction in their elevated cytokine production and endothelial cell activation (9) .
It has been hypothesized that the activation of T cells and monocyte/macrophages found in acute KD is a feature of diseases caused by bacterial toxins that act as superantigens (10) . Staphylococcal enterotoxin, toxic shock syndrome toxin-1 (TSST-1), could be responsible for this immune activation binding directly to a particular T cell receptor (TCR) V␤ like V␤2 or V␤8.1, whose percentages are increased during acute KD and return to normal levels after treatment with IVIG plus aspirin (11) .
In addition, hyperreactivity to Bacillus Calmette Guèrin (BCG) (12) and purified protein derivative (PPD) (13) has been reported in KD patients that could be due to cross-reactivity between mycobacterial heat shock protein (HSP)65 and the human homologue HSP63 (14) . A possible pathogenic role of HSP63 in KD was enforced by the increased expression of the human HSP63 gene in peripheral blood of patients (15) . To analyze the possible role of HSP during the acute phase of KD, we determined at a clonal level the presence of T lymphocytes recognizing HSP65.
Materials and Methods

Patients and Controls
A total of 5 patients (3 males and 2 females, aged from 3 months to 5 years, mean: 2 years and 4 months) were diagnosed as having Kawasaki disease, according to the 1984 revised criteria (4). They had been hospitalized within 7 days of the onset of fever. One patient revealed meningitis diagnosed after prolonged headache, computed tomography (CT) scanning and mononuclear cells count in cerebrospinal fluid (CSF).
Tuberculin-PPD skin test was considered positive when the skin induration diameter was Ͼ5 mm at 48-72 hr after injection of 1 U of PPD (Statens Seruminstitut, Copenhagen, Denmark). All the blood samples were collected at the admission during the acute phase of disease, before drug treatment, and 5-7 days after the tuberculin skin test had been performed. Control samples were obtained from age-matched children who had a positive tuberculin skin test.
Preparation of T-cell Clones
The previously described methodology (16) was used with minor modifications. Briefly, CD4 and CD8 T lymphocytes were isolated from peripheral blood lymphocytes (PBL) or CSF cells by immunomagnetic sorting (Miltenyi Inc., Sunnyvale, CA) and cultured in (RPMI) 1640 medium (Gibco, Grand Island, NY) with 10% heat-inactivated pooled human AB serum. Wells of U-bottomed 96-well plates (Nunc, Roskilde, Denmark) were seeded with 10 4 T cells, supplemented with 2 ϫ 10 5 allogeneic PBL (irradiated at 3,000 rads from a Cesium source), 5 ϫ 10 4 irradiated Epstein Barr Virus (EBV)-induced autologous lymphoblastoid cells (BCL), 0.5 g/ml leukoagglutinin (Sigma, St. Louis, MO) and 200 U/ml human recombinant IL-2 (Genzyme, Cambridge, MA) in a total volume of 0.2 ml. After 21 days of culture, the cells were transferred to tissue culture flasks and further expanded in the presence of 200 U/ml of IL-2. The cell lines were 92-98% CD4 ϩ or CD8 ϩ by fluorescence-activated cell sorting (FACS) analysis. Cloning at 0.3 cells/well in the medium, supplemented as in the initial cell culture, yielded a 40-100% plating efficiency. The average frequency of positive wells was about 15%, which corresponded to an estimated growth frequency of 60% under limiting dilution conditions, following a single-hit Poisson distribution (data not shown). T-cell clones were used for the proliferation assay at least 3 days after the last IL-2 addition. This cloning procedure, using phytohemagglutinin (PHA) and allogeneic stimulation, induced expansion of virtually all CD4 and CD8 T cells and did not introduce any bias into the T-cell repertoire (17, 18) .
Antigens and Synthetic Peptides
PPD was obtained from Statens Seruminstitut, Copenaghen, Denmark. The recombinant mycobacterial HSP65 (clone MA-5C) was a generous gift of Dr. J. van Embden (World Health Organization Bank). Synthetic peptides spanning already reported immunodominant regions of the mycobacterial HSP65 sequence were synthesized by g-fluorenylmethylcarbonil (Fmoc) technology using trialkoxydiphenyl-methylester resin and Castro's reagent for coupling as described elsewhere (19, 20) . After cleavage with trifluoroacetic acid and deprotection, the peptides were purified by reverse-phase high performance liquid chromatography (HPLC) in 0.1% trifluoroacetic acid/acetonitrile, followed by gel filtration through Sephadex G15 in 25% acetic acid in water. Homogeneity and purity were confirmed by analytical reverse phase HPLC, mass spectrometry, amino acid composition analysis, and sequence fidelity by Edman degradation.
T-cell Clones Proliferation Assay
CD4
ϩ and CD8 ϩ T-cell clones were cultured in triplicate at 5 ϫ 10 4 /well with 2.5 ϫ 10 5 /well irradiated EBV-transformed autologous B lymphoblastoid cells (BCL) as antigen presenting cells (APC) and antigen concentrations ranging from 0.1 to 10 g/ml or synthetic peptides at the concentration 50 g/ml. Preliminary analysis showed that peptides gave optimal proliferation at 50 g/ml and, therefore, only results obtained using this antigen dose are presented. Proliferation was set up in a final volume of 0.2 ml in 96 flat-bottomed microtitre plates (Nunc, Copenaghen, Denmark), at 37ЊC in the presence of 5% CO 2 . Three days later, 37 kBq (1 Ci)/well [ 
Lymphokine ELISA Assay
Triplicate cultures of cloned T cells at 5 ϫ 10 4 / well with 2.5 ϫ 10 5 irradiated autologous BCL/well as antigen presenting cells were stimulated with 0.1 to 10 g/ml of HSP65 or PPD, or with 50 g/ml of HSP65-derived synthetic peptides. Cultures in a final volume of 0.2 ml in flat-bottomed 96-well microtitre plates (Nunc), were incubated at 37ЊC in the presence of 5% CO 2 for 24-48 hr. Culture supernatants were harvested and tested for IL-2 or TNF-␣ content by two-monoclonal antibodies (mAbs) sandwich ELISA (Pharmingen, San Diego, CA), according to manufacturer's recommendations. Sensitivity of assays was 30 pg/ml for both IL-2 and TNF-␣.
Statistics
The double-Student's t-test was used to analyze statistical significance between control and experimental groups. Values of p Ͼ 0.05 were considered nonsignificant.
Results
Increased Frequency of PPD-and HSP65-specific T-cell Clones in KD Patients
CD4
ϩ and CD8 ϩ T-cell clones were obtained from peripheral blood of KD patients in acute phase and the percentage of clones recognizing PPD and HSP65 was assessed in a proliferative assay. Table 1 shows that a very large fraction of both CD4 and CD8 T-cell clones from KD patients vigorously proliferated to PPD and HSP65 in vitro, with 44% of the CD4 and 34% of the CD8 clones specifically recognizing HSP65. Note from Table 1 that the number of clones recognizing HSP65 was virtually identical to that of clones recognizing the whole PPD antigen, thus, suggesting that recognition of HSP65 primarily was responsible for PPD recognition. Proliferation of five typical CD4 and CD8 T-cell clones from KD patients to HSP65 is shown in Figure 1 . Of interest, HSP65 was recognized by only 9% CD4 and 7% CD8 PPD-specific T-cell clones obtained from five different control individuals with a positive PPD skin test.
IL-2 and TNF-a Levels in T-cell Clones from KD Patients
To analyze the functional activity of HSP65-specific T-cell clones, a total of 38 CD4 ϩ and 28 CD8 ϩ T-cell clones from all five KD patients were tested for IL-2 and TNF-␣ production. Cytokines production by a typical CD4 ϩ and a typical CD8 ϩ T-cell clone are shown in Figure 2 . Both CD4 and CD8 clones produced IL-2 ( Fig.  2A) and TNF-␣ (Fig. 2B ) in response to HSP65 stimulation in vitro. However, a comparison of the cytokine levels showed that CD4 clones produced much more IL-2 than did CD8 clones; whereas, the reciprocal pattern was found for TNF-␣ production. recognized by CD4 clones as efficiently as was peptide 65-85, thus, indicating that CD4 clones recognized a shorter peptide sequence located at amino acids 70-85. Of note, the 65-85 peptide was not recognized at all by HSP65-specific T-cell clones from control individuals (Fig. 3B) , which most frequently recognized peptide 198-217.
These data were reinforced by IL-2 and TNF-␣ measurement after stimulation with HSP65 peptides. In fact, CD4 and CD8 T-cell clones from KD patients produced IL-2 ( Fig.  4A ) and TNF-␣ (Fig. 4B ) in response to the 65-85 peptide.
Frequency and Epitope-reactivity of T-cell Clones from PBL and CSF
To investigate the possible pathogenic role of HSP65-specific cells, we analyzed the fre- Results represented in bold are statistically significant, compared with controls (p Ͻ 0.001). Proliferating clones were derived from different limiting dilution plates of different patients or controls. Only PPD-specific T-cell clones from controls subjects were tested for HSP65 reactivity in vitro. PPD, purified protein derivative; HSP65, heat shock protein 65.
Proliferative Responses of KD-or Controls-derived T-cell Clones to Peptides from HSP65
The fine epitope specificity of HSP65-specific CD4 and CD8 T-cell clones was investigated using peptides corresponding to known immunodominant regions of this protein. Figure 3 shows the proliferative response of CD4 and CD8 T-cell clones to different epitopes of HSP65. Peptide 65-85 was recognized by 35 out of 38 HSP65-specific CD4 clones and by 24 out of 28 HSP65-specific CD8 clones. Peptides 198-217, 277-293, 283-298, and 422-436 were not recognized at all by either CD4 and CD8 clones from KD patients. Using truncated variants of the 65-85 peptide, we found that CD8 T-cell clones did not recognize peptides spanning aminoacids 70-85 and 69-85, thus, indicating that residues located at positions 65-70 were crucial for CD8 recognition (Fig. 3A) . Conversely, peptides 70-85 and 69-85 were quency and epitope specificity of HSP65 T-cell clones derived from the CSF of the one patient with associated meningitis. Figure 5 shows that 39% of the CD4 and 41% of CD8 T-cell clones from CSF recognized HSP65, indicating compartmentalization of HSP65-specific CD4, and especially, of CD8 T cells at the site of disease. The fine specificity of the HSP65-reactive T-cell clones was then investigated using different HSP65 peptides. Both CD4 and CD8 T-cell clones from CSF recognized the 65-85 peptide. Moreover, CD8 T-cell clones did not recognize peptides spanning 69-85 and 70-85 amino acids; whereas, CD4 T-cell clones recognized a shorter sequence between residues 70-85. Upon stimulation in vitro with the whole HSP65 protein or its 65-85 peptide, the T-cell clones from KD patients produced discrete amounts of IL-2 and TNF-␣. From these results we concluded that HSP65-specific CD4 and CD8 T-cell clones with identical epitope specificity were compartmentalized at sites of disease during the acute phase of KD.
Cross-reactivity of KD T-cell Clones Between Human HSP63-and Mycobacterial HSP65-derived Peptide
Since homology between 65-85 amino acidic sequence of mycobacterial HSP65 and 90-110 sequence of human HSP63 (55%) ( Table 2) was found, we assessed if the same clones reacting to the mycobacterial HSP65-derived 65-85 peptide also recognized the 90-110 peptide of the homologue human protein. As shown in Table 3 , 75% (21 out of 28) of CD8 and 60% (23 out of 38) of CD4 T-cell clones from KD patients proliferating to the 65-85 peptide of mycobacterial HSP65 also recognized peptide 90-110 of human HSP63, indicating cross-reactivity between mycobacterial-and human-HSP at the clonal level and suggesting a possible pathogenic role of HSP-specific T cells in KD.
Discussion
Acute KD is characterized by a marked immune activation. Several investigators have reported increased numbers of activated T cells, as identified by enhanced expression of human leukocyte antigen (HLA)-DR molecules and serum IL-2 receptor levels (21, 22) . Furthermore, acute KD is associated with increased production of IL-1␤, TNF-␣, IL-2, IL-6, and IFN-␥ (23) (24) (25) . The production of these cytokines by T cells and monocytes is thought to have an important role in the pathogenesis of KD, especially in vascular endothelial cell injury (26) . It is widely believed that KD is caused by an infectious agent, because it is selflimiting, prone to strike young children, and has epidemic outbreaks. The etiologic agent is still unknown.
Evidences in the literature support the idea that the immune system in KD is stimulated by superantigens that directly bind major histocompatibility complex (MHC) class II molecules to cause activation of macrophages and B cells and selectively stimulates T cells expressing variable domains of the ␤ chain of TCR, such as V␤2 and V␤8.1. This possibility has been supported by the reported increased frequencies of V␤2-bearing T cells in peripheral blood of acute KD patients (11) . Additionally, it is possible that HSP65 contributes to the abnormally activated immune system of patients with acute KD via a molecular mimicry between mycobacterial HSP65 and human HSP63 (27) . This hypothesis is suggested by the increased expression of HSP63 mRNA in peripheral blood of KD patients (15) and the presence of antibodies to mycobacterial HSP65 and autoantibodies to epitopes of human HSP63 cognate antigen (28) .
Results reported in this paper clearly show an increased frequency of PPD-and mycobacterial HSP65-specific CD4 and CD8 T-cell clones in KD patients. These clones produce cytokines, such as IL-2 and TNF-␣, which could play an important role in the pathogenesis of KD. Thus, TNF-␣ could be relevant to endothelial tissue damage and fever that are characteristic of KD. In fact, a correlation between fever and TNF-␣ serum levels has been detected in patients affected by KD (23) .
The results of fine recognition of distinct peptides of HSP65 by CD4 and CD8 T-cell clones from KD patients are somehow surprising. Both CD4 and CD8 T-cell clones recognize a peptide sequence located between amino acids 65-85. This peptide is not recognized at all by HSP65-specific CD4 and CD8 T-cell Moreover, compartmentalization of CD4 and CD8 T-cell clones with the same epitope specificity was found in one patient, strongly suggesting that HSP65-specific CD4 and CD8 clones play a role in the pathogenesis of KD. These data are in agreement with previous reports on the ability of HSP65 to activate both CD4 ϩ and CD8 ϩ T cells (29) . Thus, HSP65 would presumably be the cause of the immune activation in KD. Additionally, it is important to understand whether HSP65-specific T cells emerge from bacterial or human HSP65 stimulation. In the former, a critical role for bacteria should be considered, while in the latter, an autoimmune mechanism would play an important role in the pathogenesis of KD. This last possibility is suggested by studies showing that anti-HSP65 antibodies in sera of KD patients recognized an epitope of both mycobacterial HSP65 and its human cognate (28) . Interestingly, the target epitopes shared only 2 out of 11 amino acids (i.e. less than 20% homology).
Comparison of the amino acidic sequence of the mycobacterial HSP65-derived 65-85 peptide and that of the corresponding 90-110 peptide of human HSP63 (Table 2) , reveals an Results indicate the number (%) of HSP65-specific T-cell clones from KD patients, recognizing both mycobacterial HSP65-derived peptides and human HSP63-derived peptide. (See also the legend to Table 2 ). HSP65, heat shock protein 65.
A B high degree (55%) of homology, with 11 out of 20 amino acids shared between the two sequences. Hence, this finding suggests the possibility that primary exposure to bacterial HSP65 induces immune activation and simultaneous autologous HSP63 expression, which eventually may function as a target for CD4 and CD8 T cells. Our initial studies indeed indicate that CD4 T-cell clones specific for the 65-85 peptide of mycobacterial HSP65 also cross-recognize the 90-110 peptide of the human HSP63. Alternatively, we cannot actually rule out the possibility that human HSP63 may be primarily expressed as a consequence of endothelial damage or endothelial cell activation. Synthesis of HSP63 can be induced by various cytokines including TNF-␣ (30), and HSP63 is released into the circulation in response to myocardial ischemia and myocardiocyte injury (31) . Thinking more generally, the finding that humoral and cellular reactivity against HSP65/63 has been described in another, more frequent vascular disease, such as atherosclerosis (32), suggests the intriguing possibility that diverse vascular diseases may share a common pathogenetic mechanism involving immune response against HSP65/63. Taken all together, our results represent the first evidence of the fine specificity of T cells in KD and raise the possibility that T lymphocytes reactive to an immunodominant region of HSP65 may play an important role in the pathogenesis of KD. Furthermore, these observations could explain the cause of hyperreactivity to BCG and PPD in KD patients in acute phase that was attributed to cross-reactivity between mycobacterial HSP65 and its human homologue.
